We investigate the rovibrational dynamics of heteronuclear diatomic molecules exposed to a strong external static and homogeneous electric field. We encounter in the presence of the field the effect of induced adiabatic coupling among the vibrational and hybridized rotational motions. Exact results are compared to the predictions of the adiabatic rotor approach as well as to the previously established effective rotor approximation. A detailed analysis of the impact of the electric field is performed: the hybridized and oriented rotational motion, the mixing of angular momenta, and the squeezing of the vibrational motion are observed. It is demonstrated that these effects can well be accounted for by the adiabatic rotor approximation.
I. INTRODUCTION
Molecules exposed to external fields represent, in spite of its substantial history, a very active and promising research area with several intriguing perspectives. Due to the key role that external fields play in the cooling, trapping, and guiding of atoms and molecules, the availability of molecular BoseEinstein condensates ͓1-3͔ has stimulated further studies. Indeed, the long-range anisotropic dipole-dipole interaction between ultracold polar molecules will give rise to interesting physics, such as cold molecule-molecule collision dynamics ͓4-7͔, molecular collective quantum effects ͓8,9͔, ultrahigh resolution and high-precision spectroscopy, chemical reactions ͓10,11͔, molecular optics and interferometry, and potentially also to quantum computing ͓12͔. Moreover, the availability of ultracold molecules might provide an improvement of the precision of several experiments involving molecules, such as the measurement of the dipole moment of the electron ͓13,14͔, the measurement of the time variation of the fine-structure constant ͓15͔, or the study of weak interaction effects in chiral molecules ͓16͔.
In particular, electric fields play an important role in one of the main experimental techniques to trap molecules. An array of time varying inhomogeneous electric fields has been used to decelerate and trap polar molecules ͓17,18͔, providing a different technique which can be used for a large variety of neutral molecules. Recently, the control of the translational motion of Rydberg states of the H 2 molecule has been demonstrated by applying an inhomogeneous electric field ͓19͔. The group of Bohn has introduced an uncommon species of molecular states called "field linked" states ͓20,21͔ which are composed of two ground-state polar molecules held at large internuclear separation under the joint influence of electric dipole forces and external electric fields.
They have shown how the main properties of these states strongly depend on the external electric field, leading to control over the ultracold scattering properties ͓20,21͔.
Initially studies of molecules in electric fields were motivated by the possibility to get a deeper insight into chemical reaction dynamics by controlling the orientation or alignment of the involved molecules. At the end of the 1970s the orientation of symmetric top molecules with permanent electric dipole moments was achieved by using a hexapole electric field ͓22,23͔. Only molecules in a few specific preselected states could be oriented this way. In the early 1990s the orientation of molecules in ⌺ states became possible via the passage of the corresponding molecules through an electric field, known as the "brute force" method ͓24͔. Strong electric fields have subsequently been used to orient the rotational motion of diatomic and also of polyatomic molecules ͓24-29͔. In the beginning only static electric fields were employed and low-lying rotational states were considered. Subsequently also magnetic fields ͓30͔ were used to orient paramagnetic molecules ͓31͔ and more recently intense laser fields have been employed to align molecules ͓32-36͔.
Traditionally the theoretical description of the nuclear dynamics of molecules in an electric field is based on the rigid rotor approximation ͓37͔, neglecting the "coupling" between the vibrational and rotational motions and assuming a permanent dipole moment for the molecule. The pendular states appear for strong electric field when the molecule is oriented along the field direction and the rotational motion becomes a librating one, each pendular state being a coherent superposition of field-free rotational states ͓38͔. It is only recently that the authors provided a full rovibrational description ͑FRV͒ of a heteronuclear diatomic molecule in a homogeneous electric field including the coupling between the vibrational and rotational motions and taking into account that the electric dipole moment functions depend on the internuclear coordinate ͓39͔. An effective rotor approximation ͑ERA͒ which describes the effect of the electric field on rigid diatomic molecules ͓39͔ was developed. The ERA includes main properties of each vibrational state, and it has been shown to describe the effect of the electric field even for highly excited rovibrational states of the molecule, being superior to the traditional rigid rotor approach.
In the present work we go beyond the regime of validity of the effective rotor approach which represents a crude adiabatic approximation with respect to the separation of the vibrational and rotational motion. In particular we investigate the regime for which a fully adiabatic separation of the rovibrational motion is necessary: the fast vibrational motion depends now parametrically on the angular coordinates. The latter effect is exclusively due to the presence of the external electric field. Since we focus on effects due to the fieldinduced adiabaticity and their theoretical description in general we refrain from using potential-energy curves and dipole moment functions belonging to specific molecules but use parameter-dependent models of them in order to address and cover as many as possible physically different situations. The use of these models does not affect the general validity of our results. We address the regime of field strengths for which a nonperturbative description of the nuclear motion is necessary assuming that the effects of the electric field on the electronic motion can be described perturbatively.
The paper is organized as follows. In Sec. II we define our rovibrational Hamiltonian and we briefly discuss some specifics of our computational method. Here we also present the key aspects of the adiabatic separation of the vibrational and rotational motions in order to obtain the adiabatic rotor Hamiltonian. In Sec. III we describe the potential-energy curves and electric dipole moment functions used to model a general heteronuclear diatomic molecule. In Sec. IV we present the results and their discussion, including a detailed comparison of the adiabatic rotor approach ͑ARA͒ with the full rovibrational description. The conclusions and outlook are provided in Sec. V. Atomic units will be used throughout, unless stated otherwise.
II. ROVIBRATIONAL HAMILTONIAN AND THE ADIABATIC ROTOR APPROXIMATION
We employ the Born-Oppenheimer approximation for the Hamiltonian of a heteronuclear diatomic molecule which is assumed to be in its 1 ⌺ + electronic ground state. The molecule is exposed to an external homogeneous and static electric field. In the rotating molecule fixed frame with the coordinate origin at the center of mass of the nuclei the Hamiltonian describing the nuclear motion takes on the following appearance:
where R and , are the internuclear coordinate and Euler angles, respectively, and is the reduced mass of the nuclei. J͑ , ͒ is the orbital angular momentum, ͑R͒ represents the electronic potential-energy curve ͑PEC͒ of the molecule in field-free space, and D͑R͒ is the corresponding electronic dipole moment function ͑EDMF͒. The first and second terms are the vibrational and rotational kinetic energies, and the last term provides the interaction with an electric field of strength F, which is oriented parallel to the z axis of the laboratory frame. As it was stated above, we consider the regime where perturbation theory holds for the description of the electronic structure but a nonperturbative treatment is indispensable for the corresponding nuclear dynamics.
In the field-free case each state is characterized by its vibrational , rotational J, and magnetic M quantum numbers. In particular, the exact solution to the Schrödinger equation belonging to the Hamiltonian ͑1͒ is a product of a purely R-dependent vibrational wave function that depends parametrically on the conserved angular momentum J and a spherical harmonic depending exclusively on the angles , .
In the presence of an external electric field only the magnetic quantum number M is conserved, giving rise to a nonintegrable two-dimensional dynamics in ͑R , ͒ space. In order to solve the corresponding rovibrational equation of motion we use a hybrid computational approach, which combines discrete and basis-set methods. For the angular part a basis-set expansion in terms of associated Legendre polynomials is used, taking into account that M is conserved. The vibrational degree of freedom is treated by a discrete variable representation. Due to the typical shape of the molecular PEC, we choose the radial harmonic oscillator discrete variable representation, where the odd harmonic oscillator functions are taken as basis functions. Employing the variational principle, the initial differential equation is finally reduced to a symmetric eigenvalue problem which is diagonalized with the help of Krylov space techniques.
The theoretical description of the angular motion of a diatomic molecule in an external field is traditionally based on the rigid rotor approach for which the so-called pendular Hamiltonian reads
where R eq and D eq are the equilibrium internuclear distance and the corresponding dipole moment, respectively. For diatomic molecules this rigid rotor Hamiltonian is integrable and it was solved numerically in the seventies by von Meyenn ͓37͔. Recently, the authors went beyond this rigid rotor description and proposed an effective rotor approximation which includes the main characteristics of each vibrational state ͓39͔. The corresponding effective rotor Hamiltonian reads as follows:
͉D͑R͉͒ ͑0͒ ͘, and ͑0͒ and E ͑0͒ are the field-free vibrational wave function and energy, respectively. The total wave functions for the nuclear motion are ͑0͒ ͑R͒ · ͑͒ where are the eigenfunctions of the Hamiltonian ͑3͒. The ERA takes into account the vibrational state dependent moment of inertia and the dependence of the electric dipole moment on the vibrational coordinate, which are of particular importance for highly excited vibrational states. It was shown to properly describe both low-lying and highly excited rovibrational states exposed to an electric field. In particular it is superior to the traditional rigid rotor approach ͓39͔. The effective rotor represents, in the terminology of an adiabatic approach, a crude adiabatic approximation to the true wave function thereby neglecting the influence of the electric field on the vibrational motion. Obviously, this approximation is expected not to hold for arbitrary parameters and regimes, i.e., for arbitrary excitations, field strengths, and molecular species. In the present work we investigate the rovibrational motion in a regime where the vibrational motion is modified by the electric field, i.e., it becomes parametrically dependent on the slow angular variable . This leads to interesting effects in the rovibrational spectra and eigenfunctions which occur typically in the strong-field regime.
Following Ref.
͓39͔ we exploit the conservation of the angular momentum associated with the angular motion due to by the ansatz ⌿͑R , , ͒ = ⌿ M ͑R , ͒e iM , with M being the magnetic quantum number. We restrict ourselves to the case M = 0. Let us now perform an adiabatic separation of the vibrational and rotational motion. To this end we assume that the vibrational problem has been solved for a specific value of the rotational coordinate ,
where ͑R ; ͒ is a member of the orthonormal vibrational eigenfunctions labeled by . ͑R ; ͒ depends parametrically on the angle . Making the following ansatz for the rovibrational wave function:
and inserting it in the rovibrational equation of motion belonging to the Hamiltonian ͑1͒, after left multiplication with * ͑R ; ͒, and performing the integral over R, using the orthonormality of the vibrational adiabatic eigenfunctions as well as Eq. ͑4͒ we arrive at
where A j are nonadiabatic coupling terms involving different vibrational eigenfunctions, E ͑͒ represents a potential for the motion in space, and ͑1/2͒͗R −2 ͘ J 2 is an effective rotational kinetic energy. If the nonadiabatic coupling elements are neglected Eq. ͑5͒ reduces to a single channel equation and an adiabatic separation and approximation of the angular and radial motions has been achieved. Let us comment on the vibrational equation of motion ͑4͒. For weak electric fields the interaction term −FD͑R͒cos is significantly smaller than the vibrational spacing due to the electronic PEC. This allows us to use the field-free vibrational wave functions and to apply first-order perturbation theory ͑see Ref. ͓39͔͒ with respect to the electric-field terms thereby leading to the effective rotor Hamiltonian ͑3͒. However, for sufficiently strong electric fields and/or highly excited vibrational states, the interaction with the electric field leads vibrational states that depend parametrically on the angular variable . We therefore enter a regime for which the above adiabatic separation still holds but the vibrational motion is affected by the electric field. In practice one then solves the vibrational equation of motion ͑4͒ on an angular grid, ͕ i , i =1,… , N͖ thereby obtaining ͑R ; i ͒ and E ͑ i ͒. This allows us to compute the expectation values ͗ ͑R ; i ͉͒R −2 ͉ ͑R ; i ͒͘ and in principal also the nonadiabatic coupling elements A j which both depend on . Here we assume the validity of the adiabatic approximation to the separation of the vibrational and rotational motion and neglect all nonadiabatic coupling elements. This defines the "adiabatic rotor approach" and the "adiabatic rotor Hamiltonian" describing the rotational motion of the molecular system:
where the first term is an effective rotational kinetic energy and the second one represents the interaction with the electric field. The rotational equation of motion ͑7͒ looks different for each vibrational state since it explicitly contains the expectation values ͗R −2 ͘ and the vibrational energy E ͑͒, which have to be computed for each state.
The main difference of the adiabatic rotor approximation ͑7͒ compared to the previously obtained effective rotor approach ͑3͒ is the way the vibrational motion is treated. The expression ͑7͒ takes into account the influence of the electric field on the vibrational motion, which might be of importance for very strong electric fields or highly excited vibrational levels due to the field-induced adiabatic coupling between the rotational and vibrational motions. In contrast to this we neglected the influence of the electric field on the vibrational motion in case of the effective rotor approach. Obviously, the effective rotor approach is contained in the adiabatic rotor approach. Both approximations are, however, complementary in the following sense. There is a large number of situations depending on the field strength, the EDMF, and on the part of the spectrum under consideration, where either the ERA or the ARA might be sufficient to describe the behavior and properties in the field.
Let us comment on how to solve the resulting equations ͑4͒ and ͑7͒ of the above scheme. In a first step, and in order to facilitate the computational procedure, we choose the zeros of the N R th order associated Legendre polynomial as grid points for the angular coordinate. The vibrational equation ͑4͒ is integrated with the help of the discrete variable approach N R times on the grid ͕ i ͖, thus we obtain the vibrational wave functions ͑R ; i ͒ and the corresponding spectrum E ͑ i ͒. The expectation value ͗R −2 ͘ is computed. These quantities, E ͑ i ͒ and ͗R −2 ͘ , are introduced in the effective rotational equation of motion ͑7͒, which is solved by means of a basis-set expansion with respect to the associated Legendre polynomials.
There are two reasons for applying the adiabatic rotor approximation compared to the full rovibrational description of the problem. First, a fully adiabatic approach describes emerging field-induced effects. Second, from a computational point of view it provides a drastic reduction of the numerical effort. In both cases we need the same number of grid points N V in the discrete variable representation applied to the vibrational coordinate, and the same number of angular functions N R in the basis-set expansion performed for the rotational coordinate. In the full rovibrational description we have to diagonalize a N ϫ N real symmetric banded eigenvalue problem with N = N V · N R . However, in the case of the ARA we first diagonalize N R times a N V ϫ N V real symmetric banded eigenvalue problem for the vibrational part and subsequently for each vibrational state an N R ϫ N R real symmetric eigenvalue problem to diagonalize the rotational equation of motion.
III. POTENTIAL-ENERGY CURVE AND ELECTRONIC DIPOLE MOMENT FUNCTION
The electronic potential-energy curves and the electronic dipole moment functions provide valuable information on the properties of a molecular system including its rovibrational spectrum and its response to external fields. Both quantities can be obtained from ab initio calculations and/or experimental results in the literature. Since we are interested in predicting general properties and principal effects with the focus on their understanding and theoretical description we do not address a specific molecular system but use model functions for the PEC and the EDMF.
As a PEC we employ the Morse potential
where R e and d e are the equilibrium internuclear distance and the depth of the potential well, respectively. Here we choose the values ␣ = 0.5, d e = 0.02, and R e = 6.0 a.u. being motivated by the shape of the PEC of heteronuclear alkali dimers ͓40͔. The latter are characterized by a large equilibrium distance R e ϳ 6 -7 a.u., and a very shallow potential well. We will also study the case ␣ = 0.5, d e = 0.02, and R e = 2.2 a.u. We remark that our model potential does not possess the correct asymptotic behavior for large R which is of importance for very high excitations close to the dissociation threshold. Our investigation therefore focuses on not too high excitations for which the asymptotics is irrelevant. In order to illustrate the difference with respect to the energy scales of the vibrational and rotational motions we have computed the vibrational and rotational energy spacing for a vanishing electric field. The rotational and vibrational spacing are ⌬E r = E ,1 − E ,0 and ⌬E v = E +1,0 − E ,0 , respectively, with E ,J being the field-free energy of the ͑ , J͒ state. Figure 1 presents these two quantities as a function of the vibrational quantum number 0 ഛ ഛ 20 for the PECs with R e = 2.2 a.u. and R e = 6 a.u. Note that the vibrational spacing is independent of the equilibrium distance R e , and the difference between both sets of parameters is due to the rotational spacing. 
where R e is the equilibrium distance, A provides the width of the Gaussian, ⌬ is a shift with respect to R e , and M 0 determines the strength of the EDMF at the maximum R = R e + ⌬. By choosing this kind of function we ensure a proper asymptotic behavior of the EDMF, satisfying both lim R→0 D͑R͒ = 0 and lim R→ϱ D͑R͒ =0. We have selected three different shapes for the EDMF, the main difference between them being the position of the maximum and the width of the Gaussian function. The chosen parameters are given in Table I . For the different appearances of the three functions we refer the reader to 
being shifted with respect to R e , and D S is an even further shifted but again narrower dipole moment function. In many cases the electric dipole moment of heteronuclear diatomic molecules is a single humped function possessing its maximum at a position close to R e . However, exceptions do occur such as the double humped dipole momentum function of the CO molecule that possesses a zero close to R e and a broad outer hump for large internuclear distances.
IV. RESULTS AND COMPARISON OF THE ADIABATIC ROTOR APPROXIMATION WITH THE FULL ROVIBRATIONAL DESCRIPTION
We have performed a full rovibrational analysis ͓i.e., we solved the Schrödinger equation belonging to Eq. ͑1͔͒ of the effects of an electric field on the six models for molecular systems, i.e., the Morse with R e = 2.2, 6 a.u., and the three EDMFs being centered ͑D C ͒, shifted ͑D S ͒, and widened ͑D W ͒. The reduced mass of the CO molecule = 12 498.102 a.u. has been used. In order to show very well pronounced effects for our model system we will choose a field strength F =10 −3 a.u. corresponding to 514 ͑MV/ m͒ which is somewhat stronger than the static fields available in the laboratory. We emphasize, however, that the observed effects are expected to be pronounced for significantly lower ͑laboratory͒ field strengths for highly excited rovibrational states of certain species, such as the alkali dimers.
For each molecule, we have computed the states with 0 ഛ ഛ 20 and angular momentum J = 0 for M = 0 corresponding to the first 21 vibrational states in the absence of the field. The expectation values ͗cos ͘ , ͗J 2 ͘, and ͗R͘, together with density profiles of the eigenfunctions enable us to find and analyze relevant phenomena. Equally we perform for our model systems studies in the framework of the adiabatic rotor approach ͑ARA͒ and the effective rotor approach ͑ERA͒. A comparison between these three approaches ͑exact, ARA, ERA͒ allows us to conclude upon the validity of the different approximations. Let us introduce the relative difference between the results obtained in the ERA and ARA compared to the full rovibrational description of the problem:
where A F represents one of the expectation values mentioned above and the upper right index F , E , A refers to the exact, ERA, and ARA approach.
In the following we will use and J as labels of the rovibrational states. These labels correspond to quantum numbers ͑conserved quantities͒ only in the case of the absence of the electric field whereas in the presence of the field a strong ͑rotation͒ and weak ͑vibration͒ mixing of field-free states takes place. hood of the equilibrium internuclear distance. The orientation of the states increases as the vibrational number increases: It reaches a maximum for = 10 being ͗cos ͘ = 0.9761 and slightly decreases thereafter. For D W , ͗cos ͘ increases very little with increasing and reaches a maximum for the state = 5 with ͗cos ͘ = 0.9813. For =20 we encounter ͗cos ͘ = 0.9766. It is clear from Fig. 3 that the effects of the electric field on the orientation depend on the state under consideration but also strongly on the chosen EDMF. For these model systems and due to the strong electric-field strength all the considered states show a very strong orientation. In Fig. 3͑b͒ The dependence of the expectation value ͗J 2 ͘ on the vibrational label is illustrated in Fig. 4͑a͒ for the three EDMF. ͗J 2 ͘ provides a measure for the mixture of the fieldfree angular momentum states with fixed M J , i.e., it describes the hybridization of the rotational motion for F = 0. The effects due to the electric field depend not only on the chosen EDMF but also strongly on the degree of excitation as already indicated when studying the corresponding behavior of ͗cos ͘. For D C , ͗J 2 ͘ decreases significantly with increasing . All states show, however, a very strong hybridization of the rotational motion, i.e., ͗J 2 ͘ = 28.321 for the rovibrational ground state and ͗J 2 ͘ = 12.872 for the = 20 state. For D W we encounter also a strong mixing: In this case ͗J 2 ͘ slightly increases with reaching a maximum for = 6 with ͗J 2 ͘ = 26.229 and decreasing thereafter. In case of D S the lowlying states exhibit a much smaller hybridization compared to the previous cases: For the rovibrational ground state we find ͗J 2 ͘ = 0.527. The reason for this effect is that the lowlying states "do not feel" the EDMF D S , due to the small overlap of the wave function and the EDMF. In this case ͗J 2 ͘ rapidly increases as increases, reaching a maximum for = 10 with ͗J 2 ͘ = 20.577 and slightly decreases thereafter. Figure 4͑c͒. This figure clearly illustrates the advantage of our proposed approximation ARA compared to ERA. For the three EDMF and all the considered states we obtain relative errors significantly smaller than 0.01. We therefore conclude that the adiabatic rotor approach accurately describes the properties of the wave function whereas the effective rotor approximation fails to do so, at least in most cases.
To complete the description of the effect of the electric field on our systems, we illustrate in Fig. 5͑a͒ 
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033416-6 = 12-20 possess ͗R͘ F Ͻ ͗R͘ 0 being also attracted by the maximum of the EDMF. However, for these states a significant part of their amplitude is at distances larger than 8 a.u. and that is why they are squeezed compared to their fieldfree extension. A similar behavior is observed when D W is used. The states for =0-6 are stretched compared to their field-free counterparts. For the states =7-9 we have ͗R͘ F Ϸ͗R͘ 0 . Due to the attraction of the EDMF maximum, the states with ജ 10 are again squeezed. We would like to point out the importance of these results: they show how the electric field is affecting the vibrational part of the wave function of the molecule. Indeed, we can identify this effect as an adiabatic coupling between the vibrational and rotational motion induced by the strong electric field. Figures 5͑b͒ and  5͑c͒ show the relative error of ͗R͘ computed by using ERA and ARA, ⌬͗R͘ E and ⌬͗R͘ A , respectively, as a function of for the three EDMFs. Comparing these two figures, the ARA approximates much more accurately the FRV results than the ERA does. Only for a few states does the ERA provide an adequate description of the effects of the electric field. of states and the three EDMFs. The hybridization of this model system is much smaller than the hybridization achieved by the Morse potential with R e = 6 a.u. due to its smaller rotational constant. For D C , ͗J 2 ͘ decreases as is increased, from ͗J 2 ͘ = 10.049 for =0 to ͗J 2 ͘ = 4.163 for = 20. For the D S we obtain a small hybridization for lowlying states, ͗J 2 ͘ = 0.018 for the rovibrational ground state, and strong mixing of the rotational motion for the states ജ 3, ͗J 2 ͘ increases with increasing , reaching a maximum for = 10 with ͗J 2 ͘ = 7.523, and decreasing thereafter. For D W first ͗J 2 ͘ slightly increases with , reaches a maximum for the = 5 state with ͗J 2 ͘ = 9.473, and decreases as the degree of excitation is further increased. As for the expectation value ͗cos ͘, the = 19 state shows an anomalous behavior, having a larger ͗J 2 ͘ than the rest of the neighboring states: = 6 a.u. This holds both for the dependence of ͗R͘ on the vibrational excitation and on the choice of the EDMF. Moreover, the phenomenon of squeezing and stretching of the vibrational wave function can be observed equally for R e = 2.2 a.u. We remark that the behavior of ͗R͘ as a function of is smooth for all the levels and any EDMF. The comparison of the relative errors of the ERA and ARA support our previous observation that the ARA is superior to the ERA.
Let us comment on the anomalous behavior of the expectation values ͗J 2 ͘ and ͗cos ͘ for the state = 19 when compared to its neighboring states. Closely inspecting higher rotational excitations it turns out that the state emerging from the field-free state with = 18, J =3, M = 0 comes very close in energy to the considered = 19 state. For the field strength F =10 −3 a.u. the energetical spacing of these two states is very small ⌬E = ͉E ͑19,0͒ − E ͑18,3͒ ͉Ϸ5 ϫ 10 −8 . For F = 0 these two states would not interact. However, we conjecture that the electric field induces a strong nonadiabatic mixing between these two states belonging to two different vibrational bands thereby causing the observed uncommon properties. To study this phenomenon goes however beyond the scope of the present investigation.
Comparing the relative errors obtained for ͗J 2 ͘ and ͗cos ͘, one realizes that the latter expectation value is normally better described by the ERA and ARA than ͗J 2 ͘. ͗J 2 ͘ provides a measure for the error we perform in our approximate approaches, since the computation of it in these schemes neglects the elements ͑6͒. Therefore we can consider it as an indicator of the quality of the eigenfunctions computed within a certain approximation. We also conclude that the adiabatic rotor approach works better for the Morse potential with R e = 6 a.u. compared to the system with R e = 2.2 a.u. We believe that the reason herefore is the separation of the vibrational and rotational energy scales. For the Morse with R e = 6 a.u. the ratio of the rotational and vibrational spacing is one order of magnitude smaller compared to the Morse with R e = 2.2 a.u. ͑see Fig. 1͒ .
C. Probability densities
From the many data obtained within the present investigation let us show some representative examples for the field-induced changes introduced in the rovibrational probability densities. We compare the exact FRV results with the results of the ARA and the ERA for three typical states for a certain EDMF. As already discussed in Sec. II the ERA employs the field-free vibrational wave function whereas the ARA takes into account the adiabatic coupling of the rotational and vibrational motions.
First we consider the rovibrational ground state for the Morse potential with R e = 6 a.u. and the centered EDMF. Figures 9͑a͒-9͑c͒ show contour plots in the ͑R , ͒ plane of the square of the wave function computed with FRV, ARA, and ERA, respectively. The orientation achieved for this state is ͗cos ͘ = 0.983. The position of the maximum of the wave function for F =0 at R = 6.02 a.u. for = 0 is slightly modified by the electric field to R = 6.01 a.u. and this is reproduced by the ARA. The value at the maximum R = 6.01, = 0 for the FRV probability density is ͉⌿͑6.01, 0͉͒ 2 = 4.90 being reproduced by the ARA with ͉⌿͑6.01, 0͉͒ 2 = 4.90. However, the ERA provides a lower value ͉⌿͑6.02, 0͉͒ 2 = 4.25. This effect can be seen in Figs. 9͑a͒-9͑c͒ . The ERA wave function is vibrationally more extended than the FRV wave function, i.e., we observe a compression due to the field. The ARA reproduces this effect, which is again a manifestation of the field induced adiabatic coupling between the vibrational and rotational motions.
As a second example we analyze the rovibrational ground state of the Morse potential with R e = 2.2 a.u. for D W . The contour plots of the probability densities for the FRV, ERA, and ARA are presented in Figs. 10͑a͒-10͑c͒ , respectively. As in the previous case the wave function is strongly oriented along the field direction, ͗cos ͘ = 0.948. The ARA wave function provides a good approximation to the FRV one, whereas major discrepancies are observed in case of the ERA wave function. The maximum of the density for =0 is now at R = 2.36 a.u., i.e., due to the attraction of the EDMF it has been shifted from its field-free position R = 2.22 a.u. The ARA yields R = 2.34 a.u., whereas the ERA provides the field-free value. In addition, the ERA yields for the maximum ͉⌿͑2.22, 0͉͒ 2 = 1.27, compared to the full rovibrational result ͉⌿͑2.36, 0͉͒ 2 = 1.37, while the ARA gives a much better approximation ͉⌿͑2.34, 0͉͒ 2 = 1.38. This effect can be also observed in Figs. 10͑a͒ and 10͑c͒ .
As a last example we present the state emerging from the field-free vibrational quantum number = 5 and the rotational quantum number J = 0 for the Morse with R e = 2.2 a.u. and the shifted EDMF. The contour plots of the probability densities for the FRV, ARA, and ERA are included in Figs. 11͑a͒-11͑c͒ , respectively. Compared to the two above analyzed states, this state shows a weaker orientation ͗cos ͘ = 0.894. The probability density possesses six maxima. We will concentrate here on the most pronounced one with the largest value for R. In the field-free case, this maximum is at R = 3.31 a.u. In the presence of the electric field, the FRV analysis yields R = 3.46 a.u., i.e., the wave function, attracted by the maximum EDMF shifted at R = 8 a.u., is shifted towards larger values of the vibrational coordinate. Using the ARA we obtain R = 3.44 a.u., which is a very good approximation to the exact result. Here the maximal density is ͉⌿͑3.46, 0͉͒ 2 = 0.4 being slightly overestimated by the ARA result ͉⌿͑3.44, 0͉͒ 2 = 0.42. For the ERA we obtain a much lower value, ͉⌿͑3.31, 0͉͒ 2 = 0.31. In addition, the ERA is also not able to reproduce the extension of 
V. SUMMARY AND OUTLOOK
The rovibrational motion of diatomic molecules is given by a product of a ͑J-dependent͒ vibrational and a rotational wave function ͑many of the Coriolis coupling terms vanish in case of an electronic ground state of 1 ⌺ + symmetry and we neglect the remaining ones͒. In the presence of a static homogeneous electric field that is weak enough to be treated perturbatively with respect to the electronic structure of the molecule but strong enough to act nonperturbatively on its nuclear motion this separability is no longer present. Still, for not too strong fields and/or rigid molecules, i.e., molecules for which the energy scales of the vibrational and rotational motions are well separated, the dominant effect of the electric field is to hybridize the rotational motion. The effective rotor approximation developed in a previous work of the authors describes this hybridization accurately and in particular it provides the correct description of the angular motion depending on the vibrational state. Here the vibrational motion is assumed to be not influenced by the electric field. In contrast to this the traditional pendular state approach provides a hybridization that is independent of the vibrational state.
In the present work we made a step beyond the abovedescribed regime and investigated stronger fields and/or flop- pier systems. Since we are interested in new phenomena and properties we did not address a specific molecule, i.e., potential-energy curve and electric dipole moment function, but a model-the Morse potential-possessing variable parameters and we study three models for the electronic dipole moment function covering typical cases. The field strength we have been using F =10 −3 a.u. corresponding to 514 ͑MV/ m͒ is somewhat above the experimentally accessible static field strength. However, we expect that the principal effects we have found do occur in certain regimes and species at significantly lower field strengths. Moreover, our results should be equally applicable to the quasistatic regime of low-frequency electromagnetic fields for which the dynamical and electromagnetic frequency scales are well separated. An estimation of the ͑semiclassical͒ tunneling rate due to the presence of the field F =10 −3 a.u. indicates that the electronic ionization process can safely be neglected. Furthermore, in many cases the interaction with the field due to the polarizability of the molecule can equally be neglected due to its quadratic dependence on the field strength.
Starting from the rovibrational equation of motion in the molecule fixed frame we have developed an adiabatic separation of the vibrational and rotational motions. It turns out that the effective rotor approximation is a crude adiabatic approach in this framework: the fast vibrational motion is the field-free one and in particular independent on the slow dynamical variable, i.e., the angular motion. We established the full adiabatic approximation, the so-called adiabatic rotor approach, to the rovibrational motion for which the vibrational wave function depends parametrically on the angular variable. Subsequently studies for several model systems including many vibrational excitations have been performed. Our focus has been on the states emerging from the field-free ground rotational states J = 0 for M = 0. It turns out that applying the above field strength we indeed enter the regime where the ERA description is no longer adequate and fieldinduced effects and full adiabaticity occur. The ARA accurately describes the energies and physical properties, i.e., total wave functions in this regime. We have analyzed the orientation effects, the mixing of angular momenta, and the vibrational stretching and squeezing effects due to the external field in detail. In the case of a shifted electric dipole moment function we observed a distortion of the wave function specifically a squeezing effect towards the maximum of the EDMF. We remark that these properties and effects depend on the state under consideration which adds to the variety of possible behavior and properties in the presence of the field.
Paradigms of heteronuclear diatomic molecules with a large equilibrium internuclear distance, a small dissociation energy, and a large maximal electric dipole moment are the alkali dimers. The latter are currently in the focus of ultracold molecular physics since they constitute the prototype of an ultracold quantum gas with long-range dipole-dipole interactions. Several experimental groups are working in this direction ͓41-43͔. However, there is still a need for accurate potential-energy curves and electric dipole moment functions for these species, naming specifically the LiCs dimer.
The vibrational state dependence of the adiabatic rotor equation together with the field-induced adiabaticity of the vibrational and rotational motion open interesting perspectives for the application of the external field to hybridize the rovibrational motion. Natural extensions of the present work would include the investigation of the hybridization of states emerging from higher rotational excitations and/or studies of states with nonzero magnetic quantum numbers M.
